The systemic vasculature exhibits attenuated vasoconstriction following hypobaric chronic hypoxia (CH) that is associated with endotheliumdependent vascular smooth muscle (VSM) cell hyperpolarization. We hypothesized that increased activity of endothelial cell (EC) largeconductance, calcium-activated potassium (BK Ca) channels contributes to this response. Gracilis resistance arteries from hypobaric CH (barometric pressure ϭ 380 mmHg for 48 h) rats demonstrated reduced myogenic reactivity and hyperpolarized VSM membrane potential (E m) compared with controls under normoxic ex vivo conditions. These differences were eliminated by endothelial disruption. In the presence of cyclooxygenase and nitric oxide synthase inhibition, combined intraluminal administration of the intermediate and small-conductance, calcium-activated K ϩ channel blockers TRAM-34 and apamin was without effect on myogenic responsiveness and VSM E m in both groups; however, these variables were normalized in CH arteries by intraluminal administration of the BK Ca inhibitor iberiotoxin (IBTX). Basal EC E m was hyperpolarized in arteries from CH rats compared with controls and was restored by IBTX, but not by TRAM-34/ apamin. K ϩ channel blockers were without effect on EC basal Em in controls. Similarly, IBTX blocked acetylcholine-induced dilation in arteries from CH rats, but was without effect in controls, whereas TRAM-34/apamin eliminated dilation in controls. Acetylcholine-induced EC hyperpolarization and calcium responses were inhibited by IBTX in CH arteries and by TRAM-34/apamin in controls. Patchclamp experiments on freshly isolated ECs demonstrated greater K ϩ current in cells from CH rats that was normalized by IBTX. IBTX was without effect on K ϩ current in controls. We conclude that hypobaric CH induces increased endothelial BKCa channel activity that contributes to reduced myogenic responsiveness and EC and VSM cell hyperpolarization.
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large-conductance, calcium-activated potassium channel; myogenic response; endothelium-dependent vasodilation; membrane potential; patch clamp CHRONIC HYPOXIA (CH) RESULTS from pathological conditions that impair oxygenation, as well as from prolonged residence at high altitude. Previous studies have demonstrated that vasoconstrictor responsiveness of the systemic circulation is attenuated following prolonged exposure to hypoxia (1, 7, 22, 42) . Diminished vasoconstrictor reactivity following CH is observed both systemically as a reduced total peripheral resistance response to vasoconstrictor agonists (7) and in several individual vascular beds (1, 4, 25, 34) , suggesting that it is a generalized response to this stimulus. Furthermore, since diminished vasoconstrictor activity is maintained following acute return to normoxia (1, 7) and is largely unaffected by PO 2 (7) , this response to CH appears to be an adaptation, distinct from acute responses to hypoxia.
Blunting of both agonist-induced and myogenic vasoconstriction following CH appear to be endothelium dependent. For example, reduced agonist-induced vasorelaxation is reversed following endothelial disruption in both aorta (4, 7) and resistance arteries (8) from CH rats. A similar endothelium dependence is observed in attenuated myogenic reactivity following CH in mesenteric arterioles (7) . Furthermore, CHinduced blunted vasoconstriction in the mesenteric vascular bed is associated with an endothelium-dependent reduction in vascular smooth muscle (VSM) calcium, as well as VSM hyperpolarization (8, 10, 11) . Thus the endothelium appears to play a central role in altered vasoreactivity following CH.
Although the mechanisms responsible for altered responsiveness in the vasculature during CH are not fully defined, previous experiments suggest that endothelial nitric oxide (NO) (11) , carbon monoxide (CO) (4, 18, 25, 31, 34) , and epoxyeicosatrienoic acids (EETs) (9) may be involved. In addition, VSM membrane potential (E m ) and vasoreactivity are restored in mesenteric resistance arteries from CH rats following inhibition of large-conductance, calcium-activated K ϩ (BK Ca ) channels (9, 32) . Since NO, CO, and EETs are all endogenous activators of these channels, a primary role of BK Ca in altered vasoreactivity following CH is likely.
Calcium-activated potassium (K Ca ) channels are widely distributed in vascular tissue. They are classified into BK Ca , and intermediate-(IK Ca ) and small-conductance (SK Ca ) channels. K Ca channels exert a powerful effect on E m of both VSM and endothelial cells (ECs) in resistance arteries, and the level of K Ca channel expression and activity is a fundamental determinant of vascular tone and blood pressure in both health and disease (40) . Activity of VSM BK Ca channels is regulated by calcium sparks from ryanodine-sensitive stores and acts to promote VSM hyperpolarization and reduced calcium influx through voltage-gated calcium channels (24) . Endothelial SK Ca and IK Ca channels appear to play a prominent role in agonistinduced endothelial hyperpolarization and consequent vasodilation (6, 13, 17, 19, 20) . However, the physiological significance of endothelial BK Ca channels has been questioned. Whereas several studies have demonstrated that BK Ca channels are present in both freshly isolated and cultured ECs (2, 44) , a role for these channels in control of vascular tone is controversial (2, 15, 23, 44).
The present study was designed to test the hypothesis that enhanced activity of endothelial BK Ca channels is responsible for blunted myogenic vasoconstrictor reactivity following CH. This hypothesis was based on several key observations, notably: 1) CH-induced attenuated vasoconstrictor reactivity is endothelium dependent and can be reversed by blockade of endogenous activators of BK Ca channels (NO, CO, EETs); 2) the response to CH is BK Ca dependent, however, dilation in response to endogenously produced CO in CH arteries is not affected by ryanodine (32) , which inhibits VSM calcium sparks; and 3) EC intracellular Ca 2ϩ concentration ([Ca   2ϩ ] i ) is elevated following CH (11), suggestive of EC hyperpolarization. Together, these data suggest that endothelial BK Ca channels may be involved in diminished vasoreactivity following CH. Although much of our previous work was performed in mesenteric arteries, we chose to examine gracilis resistance arteries in the present study to not only extend our observations to another vascular bed, but also due to the reported lack of myoendothelial electrical coupling in the hindlimb circulation (37) . This characteristic enables unambiguous assessment of the effects of CH on endothelial vs. VSM E m .
METHODS

Animals
Experiments were performed on male Sprague-Dawley rats (Harlan). All procedures were approved by the Institutional Animals Care and Use Committee of the University of New Mexico Health Sciences Center.
Hypoxic Exposure
CH rats were exposed to hypobaric hypoxia at a barometric pressure of 380 mmHg for 48 h. Normoxic control rats were housed in identical cages at ambient pressure (ϳ630 mmHg).
Study of Isolated Resistance Arteries
Following exposure, rats were deeply anesthetized with pentobarbital sodium (50 mg ip). Hindlimbs were removed and placed in ice-cold physiological saline solution [PSS; 119 mmol/l NaCl, 4.7 mmol/l KCl, 25 mmol/l NaHCO 3, 1.18 mmol/l KH2PO4, 1.17 mmol/l MgSO4, 0.026 mmol/l K2-EDTA, 5.5 mmol/l glucose, and 2.5 mmol/l CaCl2]. Caudal femoral artery branches (third-order branches from the femoral artery; passive inner diameter at 100 mmHg, 150 -200 m) were dissected free, cannulated on glass pipettes, and mounted in an arteriograph. Arteries were slowly pressurized to 100 mmHg with PSS using a servo-controlled peristaltic pump (Living Systems) and superfused (10 ml/min) with warmed (37°C) PSS aerated with a normoxic gas mixture (21% O 2/6% CO2/73% N2). All experiments were performed under normoxic conditions to examine sustained alterations in vascular control rather than acute vasodilatory responses to hypoxia (4, 32) . Previous experiments have demonstrated that longterm adaptations following CH exposure appear by 48 h and are indistinguishable from effects of 4-wk exposure (25, 34) . The effects may be partially or fully reversed following 96 h of normoxic exposure (25) . Arteriole exposure to normoxic conditions for 2.5-3 h throughout the course of the experiment do not reverse sustained alterations elicited by CH exposure. For experiments involving endothelium-disrupted arteries, a 1-ml air bubble was passed through the vessel lumen after cannulation. Endothelium disruption was confirmed by the absence of a vasodilatory response to 10 M acetylcholine (ACh). Vessels were prepared for measurement of inner diameter (8 -11), intracellular calcium (11), or VSM or EC E m (8, 35), depending on the protocol.
Measurement of VSM and EC E m
VSM and EC Em was recorded from gracilis resistance arteries using sharp electrodes, as detailed previously (8, 33) . VSM Em recordings were performed on pressurized arteries prepared as above, whereas endothelial E m was measured in artery strips with the luminal surface exposed. Arteries were superfused (2 ml/min) with a HEPESbuffered saline solution (HBSS) warmed to 37°C. Sharp electrodes (30 -60 M⍀) were initially backfilled with Lucifer yellow (16.6 mg/ml in 1 M LiCl), followed by 1 M KCl, permitting post hoc epifluorescence dye identification of endothelial vs. VSM cells by the distinct cellular morphological and dye transfer characteristics of each cell type, as previously described (14) .
Measurement of EC [Ca 2ϩ ]i
EC [Ca 2ϩ ]i was measured as described previously (11, 28) . Briefly, fura solution (0.05 M fura 2-AM and 0.05% pluronic in PSS) was administered to the lumen of pressurized caudal femoral arteries using a servo-controlled peristaltic pump (Living Systems) in the dark. Administration of fura 2-AM to the luminal surface for a short time has been previously shown to preferentially load ECs (11) . After a 1-min loading period, the lumen was perfused with PSS for 15 min to wash out excess fura solution and allow hydrolysis of AM groups by intracellular esterases. The vessel preparation was constantly superfused with warmed, aerated PSS. Fura-loaded vessels were alternatively excited at 340 and 380 nm at a frequency of 10 Hz, and the respective 510-nm emissions were quantified using a photomultiplier tube and recorded with the use of Ionwizard software (Ionoptix, version 4.4). Photometric data were collected from the entire arterial segment under study. EC [Ca 2ϩ ] was expressed as the mean 340-to 380-nm fluorescence ratio (F340/F380) from the background-subtracted 510-nm signal. Ratiometric images of unstimulated vessels were collected for ϳ10 min, and then phenylephrine (PE; 1 M) was administered, followed by 10 M ACh. Lack of a change in EC calcium levels in response to PE demonstrated selective endothelial loading. ACh consistently induced an increase in EC [Ca 2ϩ ], when administered to endothelium-intact vessels, as shown by elevated F 340/F380. To further demonstrate selective endothelial loading, arteries were denuded with an air bubble at the end of the protocol, allowed 10-min recovery time, and PE and ACh tests were repeated. The lack of a change in F 340/F380 in response to ACh after denudation was further evidence of selective endothelial loading.
Patch-clamp Studies of Isolated ECs
ECs were freshly dispersed from the aorta for electrophysiological study. The aorta was chosen as the source of cells based on our laboratory's earlier results showing parallel endothelium-dependent attenuation of vasoconstrictor reactivity following CH in aortic rings and resistance vessels that is similarly reversed by heme-oxygenase (HO) inhibition, but not affected by NO synthase (NOS) and cyclooxygenase (COX) blockade (4, 18) . Aortas were removed and placed in ice-cold HBSS: 150 mmol/l NaCl, 6 mmol/l KCl, 1 mmol/l MgCl 2, 1.5 mmol/l CaCl2, 10 mmol/l HEPES, and 10 mmol/l glucose and adjusted to pH 7.4 with NaOH. Thoracic aortas were cut longitudinally and subsequently incubated for 2 h in basal endothelial growth medium with 4% bovine serum albumin and 10 g/ml of the endothelial specific probe, 1,1=-dioctadecyl-3,3,3=,3=-tetramethyl-indocarbocyanine percholorate (Ac-LDL-Dil) at 37°C. Immediately following the endothelial labeling procedure previously described (21, 35) aortas were cut into 2-mm strips and exposed to mild digestion solution containing 0.2 mg/ml dithiothreitol and 0.2 mg/ml papain in HBSS for 45 min at 37°C. Vessel strips were removed from the digestion solution and placed in 1 ml of HBSS containing 2 mg/ml BSA. Single ECs were released by gentle trituration with a small-bore Pasteur pipette and were stored at 4°C between experiments for up 5 h. One to two drops of the cell suspension were seeded on a glass coverslip mounted on an inverted fluorescence microscope (Olympus IX71) for 30 min before superfusion. Single ECs were identified by the selective uptake of the fluorescently labeled acylated low-density lipoprotein Ac-LDL-Dil with a rhodamine filter before each electrophysiological experiment. Freshly dispersed ECs were superfused under constant flow (2 ml/min) at room temperature (22-23°C) in an extracellular solution (141 mmol/l NaCl, 4.0 mM KCl, 1 mmol/l MgCl 2, 1 mmol/l CaCl2, 10 mmol/l HEPES, 10 mmol/l glucose, and buffered to pH 7.4 with NaOH). Whole cell current data were generated with an Axopatch 200B amplifier (Axon Instruments) following a 5-min dialysis period with 4 -6 M⍀ patch electrodes filled with an intracellular solution (140 mmol/l KCl, 0.5 mmol/l MgCl 2, 5 mmol/l Mg2ATP, 10 mmol/l HEPES, 1 mmol/l EGTA, and adjusted to pH 7.2 with KOH). CaCl2 was added to yield a free [Ca 2ϩ ] of 1 M, as calculated using WinMAXC chelator software. On attainment of whole cell patch-clamp configuration, only ECs with series resistances Ͻ15 M⍀ that maintained 1 G⍀ or greater seal resistances throughout the course of the experiment were kept for analysis. Whole cell currents were measured in response to voltage steps applied from Ϫ60 to ϩ150 mV in 10-mV increments from a holding potential of Ϫ60 mV. Cell capacitance was monitored, and transmembrane currents were expressed in terms of current density (pA/pF). There were no differences in cell capacitance between groups.
Immunofluorescence in Sectioned Arteries
Arteries from control and CH rats were collected following transcardial perfusion with PSS containing 10 mg papaverin. The gracilis muscle was removed and frozen in OCT compound in liquid N 2 and isopentane. Ten-micrometer sections were adhered to superfrost slides (Fisher) and fixed in 4% formaldehyde PBS at room temperature for 10 min. After fixation, cells were permeabilized in 0.01% Triton-X PBS for 10 min and blocked in 4% donkey serum in PBS for 1 h at room temperature. Cross sections were incubated with primary antibodies for BK Ca ␣-subunit (BK-␣) and ␤1-subunit (BK-␤1) (Alamone). Some sections were additionally treated with the endothelial marker, platelet endothelial cell adhesion molecule (PECAM)-1 (Santa Cruz) and BK-␣ for endothelial-specific localization. Primary antibodies for BK-␣ or BK-␤1 were detected with Cy5-conjugated donkey, anti-rabbit secondary antibodies. PECAM-1 was detected with a Cy3-conjugated donkey, anti-mouse secondary antibody (all secondaries 1:500 dilution; Jackson Laboratories). The nuclear stain, Sytox (1:10,000 dilution; Molecular Probes) was then applied. Sections were visualized with a confocal laser microscope (LSM 510 Zeiss; ϫ63 oil immersion lens).
Immunofluorescence of Isolated ECs
ECs were freshly dispersed from the aorta (see detailed methods above) and used for immunofluorescent detection of BK-␣ and BK-␤1. One to two drops of the cell suspension were seeded on a glass coverslip for 30 min before fixation in 4% formaldehyde PBS at room temperature for 15 min. After fixation, cells were permeabilized in 0.01% Triton-X PBS for 10 min and blocked in 4% donkey serum in PBS for 1 h. Cells were incubated with primary antibodies for BK-␣/␤1 (Alamone) and detected with Cy5-conjugated donkey, antirabbit secondary antibodies. Isolated cells were visualized with a confocal laser microscopy (LSM 510 Zeiss; ϫ63 oil immersion lens).
Experimental Protocols
Myogenic responses. Experiments in this and subsequent protocols were performed under normoxic conditions to examine sustained alterations in vascular control rather than acute vasodilatory responses to hypoxia. Active and passive (Ca 2ϩ -free) pressure-diameter relationships were determined, as described previously (10) over intraluminal pressure steps between 40 and 140 mmHg. Vessel inner diameter was monitored using video microscopy and edge-detection software (IonOptix Sarclen). Initial diameters assessed in Ca 2ϩ -replete superfusate at a pressure below the autoregulatory range (20 mmHg) did not differ between groups and ranged from 105 Ϯ 3 to 115 Ϯ 3 m. Endothelial integrity was assessed by constriction with 1 M PE and dilation with 10 M ACh before Ca 2ϩ -free superfusion. Pressure-induced vasoconstrictor responses were determined for endothelium-intact and endothelium-disrupted arteries, as well as endothelium-intact arteries in the presence of combined NOS inhibition [N G -nitro-L-arginine (L-NNA); 100 M] and COX inhibition (indomethacin: 10 M). In addition, VSM Em was measured by sharp electrode at 40, 100, and 140 mmHg. Myogenic responsiveness was also determined during exposure to the following combinations of K ϩ channel inhibitors: 1) charybdotoxin (CBTX; combined IKCa and BK Ca blocker; 100 nM) plus apamin (SKCa blocker; 100 nM); 2) TRAM-34 (selective IKCa blocker; 1 M) plus apamin (100 nM); and 3) iberiotoxin (IBTX; specific BK Ca blocker; 100 nM) alone. All K ϩ channel inhibitors were administered intraluminally in an effort to specifically target endothelial K ϩ channels. VSM Em was examined in separate experiments at 120 mmHg in the presence of all of the combinations of inhibitors except CBTX ϩ apamin.
Effect of K ϩ channel blockers on endothelium-dependent vasodilatory responses to ACh. Cumulative concentration-response curves to ACh (0.001-100 M) were obtained in arteries pressurized at 100 mmHg. Vessels were preconstricted to 30% of equilibrated lumen diameter with PE before ACh administration. Vasodilatory responses were determined in arteries treated with the various inhibitors outlined above. Parallel experiments were performed in fura 2-loaded vessels to examine the endothelial calcium response to ACh. Finally, endothelial E m responses to 10 M ACh were measured with sharp electrodes.
Effect of K ϩ channel blockers on basal endothelial Em. EC Em was measured using sharp electrodes in arteries treated with the various inhibitors or respective vehicles.
Effect of K ϩ channel blockers on isolated EC transmembrane currents. Transmembrane currents were measured in aortic ECs freshly dispersed from control and CH rats. After 5-min dialysis, whole cell currents were measured in response to voltage steps outlined above. After the initial recording, cells were superfused with the K ϩ channel inhibitors tetraethylammonium (TEA; 10 mmol) and 4-aminopyridine (4-AP; 10 mM) to confirm measurement of K ϩ currents. Voltage steps were applied and recorded after 5 min of superfusion with these inhibitors.
Effect of BK Ca channel inhibition and activation on isolated EC transmembrane currents. After cell dialysis, recordings were taken before and 5 min after superfusion with the BKCa-specific inhibitor IBTX (100 nM), or the BKCa activator NS1619 {1,
Effect of cholesterol depletion on isolated EC transmembrane currents. Since BK Ca channels in cultured ECs are inhibited by association with caveolin-1 (44), we examined the effect of cholesterol chelation on transmembrane currents in freshly dispersed cells from each group to confirm that channels were expressed in controls as well as CH cells. After cell dialysis, the cholesterol depletion drug, methyl-␤-cylcodextrin (MBCD) (100 M) was superfused for 15 min before washout. Voltage step recordings were taken before superfusion with MBCD. Following MBCD treatments, cells were superfused with IBTX (100 nM) to test for the presence of EC BK Ca currents. Electron microscopy of MBCD-treated arteries demonstrated that this low concentration of the agent did not deplete the endothelia of caveolae (see Supplemental Fig. S4 ; the online version of this article contains supplemental data). Furthermore, caveolar number did not differ between arteries from control and CH rats (Supplemental Fig. S4 ).
BKCa subunit immunofluorescence in intact arteries and isolated
ECs. Endothelial expression of BK-␣ and BK-␤1 was confirmed in sectioned resistance arteries and in freshly isolated aortic ECs using confocal immunoflourescence microscopy.
Calculations and Statistics
Data are expressed as means Ϯ SE. Values of n refer to the number of animals in each group, except for patch-clamp studies, where n represents the number of cells. Myogenic tone was calculated as the percent difference in inner diameter at each pressure when arteries were superfused with Ca 2ϩ -containing vs. Ca 2ϩ -replete PSS. Vasodilation was expressed as percent reversal of PE-induced preconstriction. Data were analyzed by repeated-measures analysis of variance and by a Bonferroni modified unpaired Student's t-test for multiple comparisons when differences were indicated. Unpaired t-tests were used for single comparisons between groups. P Յ 0.05 was accepted as statistically significant.
RESULTS
Myogenic Responsiveness and VSM Cell E m in Pressurized Arteries
Myogenic vasoconstriction of gracilis resistance arteries from control and CH rats was assessed in normoxic conditions to study persistent vascular adaptations following CH exposure and not acute mechanism involved in responses to hypoxia. Myogenic vasoconstriction from CH rats was attenuated compared with normoxic controls (Fig. 1A) , confirming findings from the mesenteric vascular bed (10, 33) . Consistent with this finding, VSM cells in arteries from CH rats were hyperpolarized compared with controls at higher pressures (Fig. 1B) , again confirming earlier results (8 -10) . Blunted myogenic responsiveness and VSM cell hyperpolarization of CH arteries compared with controls persisted in the presence of L-NNA and indomethacin (Fig. 1, C and D) . Myogenic responses and VSM E m in the presence of vehicles for L-NNA and indomethacin were not different from those of untreated arteries (data not shown). Endothelial disruption restored myogenic reactivity and E m of CH arteries to control levels (Fig. 1, E and F) (8, 10) . Effectiveness of endothelial disruption was verified by elimination of ACh-induced dilation. Lucifer yellow loading allowed visual identification of the cell type from which E m recordings were obtained.
Effect of K ϩ Channel Inhibitors on Myogenic Responsiveness and VSM E m
The effects of K ϩ channel inhibitors were assessed at a transmural pressure of 120 mmHg. CH arteries demonstrated reduced myogenic responsiveness at this pressure compared with arteries from controls, which persisted in the presence of L-NNA and indomethacin (Fig. 2, top) . Luminal exposure to CBTX and apamin restored myogenic responsiveness of CH arteries at 120 mmHg to control levels. However, specific inhibition of endothelial IK Ca and SK Ca channels did not affect myogenic responsiveness in either group. In contrast, IBTX alone also restored myogenic responsiveness in CH arteries to control levels without affecting reactivity in the controls. This latter observation is supportive of an endothelial-specific effect of intraluminal IBTX. A similar pattern of K ϩ channel inhibitor effects was seen on VSM E m . As discussed previously, VSM cells from CH arteries were hyperpolarized compared with controls at 120 mmHg, and this hyperpolarization persisted in the presence of NOS and COX inhibitors, as well as in the presence of endothelial SK Ca and IK Ca inhibition (Fig. 2,  bottom) . However, IBTX restored VSM E m to control levels when administered luminally (Fig. 2, bottom) . VSM cells in control vessels treated with IBTX were slightly depolarized compared with untreated control arteries, although myogenic tone was unaffected. Myogenic responses and VSM E m at 120 mmHg in the presence of vehicles were not different from those of untreated arteries (data not shown). To contrast luminal application of IBTX, a separate set of experiments employed IBTX applied to the superfusate to specifically target VSM. In contrast to luminal application, superfusate administration of IBTX resulted in a significant increase in spontaneous tone at 100 mmHg in control arteries (data not shown). These results suggest that luminal administration of IBTX selectively targets endothelial BK Ca channels with minimal direct effect on the VSM.
Effect of K ϩ Channel Blockers on Basal Endothelial E m
Resting E m in dye-identified ECs were hyperpolarized in arteries from CH rats compared with controls (Fig. 3 ). This hyperpolarization persisted in the presence of L-NNA and indomethacin and after inhibition of IK Ca and SK Ca channels (Fig. 3) . In contrast, IBTX restored CH EC E m values to control levels, but did not affect controls (Fig. 3) . E m in the presence of vehicles was not different from those of untreated arteries (data not shown).
Effect of K ϩ Channel Blockers on Endothelium-dependent Vasodilatory Responses to ACh
ACh-induced vasodilation was observed following L-NNA and indomethacin treatment in arteries from both groups demonstrating an EDHF-type response. This response was abolished by combined intraluminal administration of SK Ca and IK Ca blockers in control arteries, but unaffected by BK Ca inhibition (Fig. 4A) . In contrast, ACh dilation was eliminated by BK Ca blockade with IBTX in arteries from CH rats (Fig.  4B ). Figure 5 compares the effect of the various inhibitors on . Whole cell K ϩ currents from gracilis and aortic ECs from normoxic control (aortic: n ϭ 10, gracilis: n ϭ 9 cells) and CH rats (aortic: n ϭ 9, gracilis: n ϭ 5 cells). A: whole cell K ϩ currents in both gracilis (*) and aortic (#) ECs from control rats were significantly less than CH at all voltage steps. B: currents at a physiologically relevant potential of 0 mV (*different from gracilis control; #different from aortic control). Currents were not different between aortic or gracilis ECs within groups (A and B) . Values are means Ϯ SE. C: gracilis EC voltage step traces from control and CH treatments.
vasodilation, E m , and EC [Ca 2ϩ ] i responses to 10 M ACh. Vasodilatory responses were greater in untreated arteries from CH rats compared with controls (Fig. 5A) . As shown in the previous figure, arteries from both groups still demonstrated vasodilatory responses after NOS and COX inhibition (Fig.  5A) , although there was no longer a difference between groups. The normalization of vasodilatory responses between groups by combined L-NNA and indomethacin was the result of opposing tendencies between the two groups. ACh responsiveness tended to be slightly reduced in arteries from CH rats by this treatment, although this trend did not reach statistical significance. Similarly, vasodilation to ACh tended to increase with treatment. These data suggest that control vessels may possess a COX-dependent vasoconstrictor pathway that elicits VSM depolarization that is not present in arteries from CH rats. Following COX and NOS blockade, dilation to ACh was abolished in arteries of both groups exposed luminally to CBTX and apamin to inhibit endothelial SK Ca , IK Ca , and BK Ca (Fig. 5A) . In contrast, specific inhibition of endothelial SK Ca and IK Ca with TRAM-34 and apamin eliminated ACh-induced vasodilation only in arteries from control rats. Additionally, although treatment with the BK Ca inhibitor IBTX alone had no effect on vasodilatory responses in controls, this agent abolished vasodilation in arteries from CH rats. In all cases, the effects of the blockers were similar at all concentrations of ACh studied. Endothelial disruption abolished ACh-induced vasodilation in both groups. Changes in EC E m (Fig. 5B) and EC [Ca 2ϩ ] i (Fig. 5C ) in response to ACh were also examined, and the K ϩ channel inhibitors elicited a profile similar to the vasodilatory responses. Although the change in E m in response to ACh in CH untreated arterial strips was not different from that of controls, basal E m was hyperpolarized relative to controls (Fig. 3) , and thus the degree of hyperpolarization following ACh was greater in the CH group. ACh-induced hyperpolarization was not affected by combined L-NNA and indomethacin in either group. Similar to the vasodilatory responses, combined treatment with TRAM-34 and apamin impaired hyperpolarization in response to ACh only in the controls, whereas IBTX blunted ACh-induced EC hyperpolarization only in arteries from CH rats (Fig. 5B) . EC [Ca 2ϩ ] i responses to ACh closely mirrored the vasodilatory responses in each treatment group (Fig. 5C) .
Effect of K ϩ Channel Blockers on Isolated EC Transmembrane Currents
Whole cell currents from freshly isolated ECs from CH and control animals were studied under normoxic conditions to assess long-term adaptations to hypoxia and not acute hypoxic exposure effects. Whole cell currents in isolated ECs were greater over a wide range of voltages in cells from CH rats compared with controls (Fig. 6) . Treatment with the K ϩ channel inhibitors TEA and 4-AP nearly abolished currents in both groups, indicative of K ϩ conductance. Outward K ϩ currents from the CH group and controls were significantly reduced following TEA and 4-AP blockade (Fig. 7) . Residual current after TEA and 4-AP treatment was not different between the groups (Fig. 7, B and C) . To selectively block EC BK Ca channels, current sensitivity to IBTX was tested. The difference in current between control and CH groups was eliminated by IBTX, whereas IBTX was without effect in control cells (Fig. 8) . In addition, the BK Ca activator NS1619 elicited a further increase in outward current in cells from CH rats, but was without effect in controls (Fig. 9) . Administration of a NO donor increased EC BK Ca currents at depolarized potentials Fig. 9 . A: the BKCa activator NS1619 was without effect in control cells (n ϭ 3), but increased outward current in cells from CH rats (n ϭ 4). B: comparisons between groups were conducted at the testing potential of 0 mV. Values are means Ϯ SE. *P Ͻ 0.05, CH vs. normoxic control. #P Ͻ 0.05, different from untreated CH. C: traces in the presence of vehicle or NS1619. (Supplemental Fig. S5 ), but had no significant effect in controls.
Immunofluorescent localization of BK Ca . Although these data suggest differential expression of BK Ca channels between groups, we observed similar BK Ca ␣-immunofluorescence in isolated aortic ECs from control and CH rats (Fig. 10, A and B) and in intact sections of gracilis resistance arteries (Fig. 10,  E and F) . The ␤ 1 regulatory subunit for the BK Ca channel was also observed in ECs from both groups (Fig. 10, C and  D, G and H) . Endothelial localization was confirmed by with the endothelial specific marker PECAM-1 (Supplemental Data Fig. S2) . No staining for either subunit was observed when only secondary antibody was applied (Supplemental Data Fig. S1 ). In addition, no staining was observed in rat T-cells that do not express BK Ca channels (Supplemental Data Fig. S3 ).
Effect of Cholesterol Depletion on Isolated EC Transmembrane Currents
Endothelial whole cell currents from control animals were significantly increased following cholesterol depletion with MBCD (Fig. 11, A and C) , whereas currents from CH animals were unaffected (Fig. 11, B and D) . The enhanced currents from controls were found to be sensitive to IBTX treatment (Fig. 12) , supporting the immunofluorescence results that BK Ca exist in both controls and CH ECs and are not differentially expressed. This effect of MBCD is likely due to mild cholesterol depletion, since the effects on outward currents can be reversed by cholesterol supplementation (unpublished data).
DISCUSSION
The present study examined the contribution of endothelial BK Ca channels to altered vasoreactivity following hypobaric CH. The major findings of this study are as follows: 1) CH is associated with endothelium-dependent VSM hyperpolarization and associated blunted myogenic constriction and persistent VSM hyperpolarization; 2) EC E m is also hyperpolarized after CH exposure and restored by BK Ca channel inhibition; 3) similarly, selective EC BK Ca blockade restores myogenic reactivity and VSM E m to control and blocks endothelium-dependent vasodilatory responses to ACh; 4) ECs isolated from CH rats demonstrate an IBTX-sensitive outward current not present in cells from control animals; and 5) the IBTX-sensitive outward current is revealed in cells from control animals following cholesterol depletion. These results suggest that endothelial BK Ca activity is increased by CH and is responsible for altered vasoreactivity.
The blunted myogenic reactivity and VSM hyperpolarization observed in gracilis resistance arteries from CH rats are consistent with previous observations of diminished vasoconstrictor reactivity in mesenteric arterioles (8 -11, 18, 33) , diaphragmatic arteries (42) , and aortic rings (1) after 48-h CH. Although the present study used a hypobaric model of CH, similar attenuation of vasoconstrictor reactivity is observed with normobaric CH of similar duration and inspired PO 2 (1) . Unlike the mesenteric circulation where myogenic tone developed at lower pressures (10), gracilis arteries from control rats did not develop significant myogenic tone until pressures of 80 mmHg were reached. Consequently, differences between con- trol and CH arterial myogenic tone were not observed, except at the higher end of the pressure-diameter relationship in gracilis arteries, whereas, in the mesenteric arteries, this difference is apparent over most of the pressure-diameter relationship (10) . In further agreement with earlier studies (10, 33) , blunted myogenic reactivity and VSM hyperpolarization of CH arteries persisted in the presence of NOS and COX inhibition, but was reversed by endothelial disruption. Endothelial disruption could potentially have unintended direct effects on smooth muscle reactivity; however, there was no significant difference in myogenic tone between control vessels with an intact or disrupted endothelium. These results convincingly demonstrate a role of the endothelium in attenuated myogenic responsiveness of small gracilis arteries after CH that is not dependent on release of NO or a COX product.
In addition to diminished myogenic reactivity, we observed that EC E m in isolated gracilis arteries was relatively hyperpolarized following CH. We chose to study gracilis resistance arteries based on recent observations that this bed does not demonstrate myoendothelial gap junction communication (37, 46, 48) . This characteristic allowed examination of EC E m in a setting not influenced by responses conducted from the VSM. Consistent with Sandow et al. (37), we observed EC E m that was much more depolarized than the VSM in this vascular bed, suggesting that myoendothelial coupling is not present. The potentials measured were considerably more depolarized than we have observed in endothelia from intact pulmonary arteries (35) and mesenteric arteries (Ϫ47 Ϯ 3 mV; unpublished observation) using identical techniques. These observations, coupled with the effectiveness of ACh to hyperpolarize the endothelium (Fig. 5B) , suggest that the relatively depolarized E m observed under unstimulated conditions in this bed is not an artifact. EC hyperpolarization in CH arteries persisted following NOS and COX inhibition and in the presence of SK Ca and IK Ca inhibitors. In contrast, although IBTX did not alter EC E m values in arteries from control rats, it significantly depolarized CH EC E m to normoxic control levels. These results suggest that there is tonic activity of endothelial BK Ca channels following CH exposure not seen in controls that results in EC hyperpolarization.
To further investigate the role of endothelial BK Ca channels in vascular control following CH, we compared the effects of intraluminal administration of the various K ϩ channel inhibitors on vasodilatory, E m , and EC calcium responses to the endothelium-dependent dilator ACh between arteries from both groups. A hallmark of an agonist-induced EDHF-type response is its abolition by the combination of apamin and the nonselective K ϩ -channel blocker CBTX (6, 19, 20) . In the absence of myoendothelial gap junctions, VSM hyperpolarization can still occur due to either release of a diffusible EDHF, such as EETs (3), or by elevations in intercellular K ϩ levels (12) . In the present study, combined apamin and CBTX completely inhibited vasodilation in response to ACh in both groups. However, since CBTX may block both IK Ca and BK Ca channels, we repeated these experiments with combined apamin plus the IK Ca -selective inhibitor TRAM-34 (47) . Consistent with other reports (6, 13, 17, 19, 20, 30) , this treatment abolished ACh-induced dilation in arteries from control rats, suggesting a role of SK Ca and IK Ca channels in the EDHFtype response. In contrast, this treatment did not significantly inhibit dilation in the CH group, whereas BK Ca channel inhibition with IBTX eliminated the response in this group. IBTX was without effect in control arteries, as previously shown by others (6, 20, 36) . These data again support the hypothesis that BK Ca channels play an important role in EC physiology following CH not observed under control conditions.
In agreement with other studies (30, 37) , ACh stimulation elicited hyperpolarization in ECs of both groups. Although the change in E m in response to ACh did not differ between groups, peak ACh-stimulated E m was more hyperpolarized in CH ECs due to the shift in basal E m in that group. Although ACh induced hyperpolarization in both groups, the response was SK Ca /IK Ca dependent in normoxic controls, but BK Ca dependent in arteries from CH rats. These findings in control arteries are in agreement with others who demonstrated that hyperpolarization in response to vasodilatory agonists is sensitive to SK Ca (30, 39, 45) (16, 29, 41, 43) . Additionally, increased calcium influx following muscarinic stimulation has been found to occur independent of changes in E m in freshly isolated ECs (5) .
Earlier studies showing that blunted myogenic responsiveness following CH is reversed by either endothelial removal or administration of IBTX (10) made no attempt to differentiate between the roles of endothelial vs. VSM BK Ca channels. In the present study, intraluminal administration of IBTX restored myogenic vasoconstriction and VSM E m in arteries from CH rats to levels similar to those of controls. This treatment was without effect on myogenic reactivity in control arteries, although VSM E m was slightly depolarized at 120 mmHg by IBTX in this group. Nevertheless, these experiments again suggest that endothelial hyperpolarization through BK Ca channels is functionally important in regulating vascular tone following CH.
In support of studies in whole arteries, patch-clamp experiments demonstrated greater outward current in cells freshly isolated from CH rats that was normalized by IBTX. These results closely correlate with in situ assessment of EC E m in intact arteries and suggest that the difference in basal E m following CH is due to enhanced tonic activity of BK Ca channels. Interestingly, the BK Ca channel activator NS1619 caused increased current only in cells from CH animals. This latter result could be evidence for differential expression of BK Ca channels between groups; however, we observed similar BK Ca subunit immunofluorescence in ECs from control and CH rats.
It has recently been documented that BK Ca activity is negatively regulated by caveolin-1 in cultured ECs (44) . Cholesterol depletion with MBCD to disrupt caveolin function resulted in greater IBTX-sensitive outward currents in cultured human umbilical vein ECs (44) . We hypothesized that CH exposure results in diminished caveolin-1 function, thereby activating BK Ca . Thus we treated ECs from control animals with the cholesterol depletion agent MBCD to possibly release EC BK Ca channels from caveolin inhibition and mimic CH. We chose the concentration of 100 M MBCD to affect caveolin function, but not to eliminate caveolar structure. Previous studies using higher concentrations of MBCD in uterine myocytes ablated caveolar structure and, additionally, significantly decreased BK Ca function (38) . Electron microscopy analysis of 100 M MBCD-treated cells revealed no significant changes in caveolar structure compared with untreated controls (Supplemental Fig. S4 ) and CH (not shown). Interestingly, treatment with MBCD revealed an IBTX-sensitive outward current in ECs from control animals, thus supporting earlier evidence in cultured cells of negative regulation of endothelial BK Ca by caveolin. This treatment did not further enhance currents in cells from CH rats. These data also support our observation of similar channel immunofluorescence in cells from control and CH rats. Thus CH exposure may elicit channel activity through dissociation from caveolin-1. This is an interesting possibility, since endothelial HO-1 activity is similarly regulated by caveolin-1 (27) , and our laboratory has previously shown that HO inhibition restores reactivity in an IBTX-sensitive fashion in CH arteries (32, 33) . Thus HOderived CO may play a role in tonic activation of endothelial BK Ca channels following CH.
In summary, we have demonstrated a novel role of endothelial BK Ca channels in vascular regulation following CH. Whereas these channels do not appear to be important in vasoreactivity in control arteries, CH exposure results in enhanced activity of endothelial BK Ca channels that may account for earlier observations of diminished constrictor reactivity in this clinically relevant setting.
